by a significantly higher cardiomyocyte mean volume. The proportion of mono-and bi-nucleated cardiomyocytes was unaltered between the groups indicating a similar maturation status. The number and length of cardiac capillaries in IUGR offspring was diminished in left but not in right ventricles. Foetal left and right ventricles are differently affected by placental insufficiency. While cardiomyocyte numbers are diminished in both ventricles, hypertrophic remodelling of cardiomyocytes and alterations in microvascularization is rather a left ventricular adaptation to IUGR. These unequal structural changes may be related to loading and developmental differences of the left and right ventricles.
Introduction
Intrauterine growth restriction (IUGR) affects 7-10% of all pregnancies and is a major cause of perinatal mortality and long-term morbidity (Alberry and Soothill 2007; Bernstein et al. 2000) . IUGR results in a lower foetal body mass and birth weight with respect to the number of gestational weeks (Figueras and Gratacos 2014) . The most common cause of IUGR is placental insufficiency leading to foetal undernutrition and hypoxia, as well as pressure and volume overload within the foetal cardiovascular system during a critical time window for heart development and maturation Hecher et al. 1995) . In human IUGR foetuses, primary cardiovascular remodelling results in more globular hearts, which is accompanied by myocardial dysfunction in utero (Iruretagoyena et al. 2014 ). This remodelling persists postnatally and Abstract Intrauterine growth restriction (IUGR) is associated with foetal cardiac remodelling and dysfunction together with increased risk of cardiovascular disease in adulthood. Experimental data concerning effects of IUGR on cardiomyocyte and microvascularization anatomy are inconsistent and it is unknown whether both ventricles are similarly susceptible to in utero undersupply. Foetal IUGR was induced in pregnant rabbits at 25 days of gestation by selective ligation of uteroplacental vessels. Foetal echocardiography showed systolic and diastolic dysfunction of both ventricles and body and heart weight were significantly reduced in response to IUGR. Design-based stereology revealed a decrease in cardiomyocyte number in both ventricles which was only in the left ventricle accompanied 1 3 may explain an increased risk for cardiovascular disease later in life (Barker et al. 1989) .
In the adult heart, two parallel circulation systems exist, the systemic circulation supplied by the left ventricle (LV) and the pulmonary circulation supplied by the right ventricle (RV). Although both ventricles must deliver more or less the same volume with each contraction, the left ventricle wall is about three times thicker due to a higher resistance of the systemic circulation. In contrast, in the foetus, where several shunts exist between systemic and pulmonary circulation, the myocardial thickness of both ventricles is nearly the same although the RV pumps 1.5-2 times more blood than the LV (Rudolph 1970) . While the LV supplies the upper foetal body including the brain, the RV pumps blood to the lower body regions. Interestingly, the foetal circulation is a flexible system that can adapt to disturbances, e.g. to foetal hypoxaemia by redistribution of organ blood flow to adrenals, heart and brain in conjunction with a decreased blood supply for other body organs (Kiserud and Acharya 2004) . During heart development, cardiac cells of LV and RV are derived from different embryological origins, the primary and the secondary heart field, respectively (Buckingham et al. 2005) . The activation of cardiomyocyte differentiation in these cell populations is regulated by various factors, including Nkx-2.5 and GATA4 for the primary heart field and Isl1 and Foxh1 for the secondary heart field (Olson 2006 ). Additionally, pressure loading might be different in the RV and LV when placental resistance increases due to insufficient development. Given these disparities it is conceivable, that LV and RV are differently affected by in utero insults and that these changes have unequal impacts for cardiomyopathies later in life.
Previous studies addressed cardiomyocyte and microvasculature features underlying the cardiac remodelling and dysfunction observed in different models of IUGR. Corstius et al. reported reduced numbers of cardiomyocytes in offspring of low-protein diet rats at time of birth (Corstius et al. 2005) and experimentally induced placental restriction in ewes leads to fewer cardiomyocytes in the foetal RV (Botting et al. 2014) . Data on IUGR effects on maturation and size of cardiomyocytes are diverse. Percentages of binucleated cardiomyocytes are reported to be increased in the foetal rat (Bae et al. 2003) , preserved in the rat at time of birth (Corstius et al. 2005) or reduced in either both ventricles (Louey et al. 2007; Morrison et al. 2007) or the left but not the right ventricle of foetal sheep (Bubb et al. 2007 ) in response to IUGR. Cardiomyocyte sizes upon IUGR induction are reported to be enhanced in whole foetal rat hearts (Bae et al. 2003) and left and right ventricles of foetal sheep hearts (Morrison et al. 2007) or unchanged in both ventricles of foetal sheep (Bubb et al. 2007) . One study assessing the impact of IUGR on microvasculature in the right ventricle of foetal sheep shows an increase in capillary length density but no change in total capillary length (Botting et al. 2014) . These inconsistencies might be explained by the different species and different approaches used for induction of IUGR, the cardiac region studied, as well as the technical approach used for assessing the cardiac changes.
The aim of this study was to assess cardiomyocyte and microvasculature anatomy of the left as well as the right ventricle in a validated IUGR animal model. To achieve this aim, an experimental rabbit model based on selective ligature of the utero-placental vessels, thus combining restriction of nutrients and oxygen, was selected. This model has been shown previously to reproduce biometric and hemodynamic changes of human IUGR (Eixarch et al. 2009 (Eixarch et al. , 2011 . Foetal echocardiography was performed to assess the presence of cardiac dysfunction. Design-based stereology was used to quantify the number, volume and maturation status of cardiomyocytes as well as the number, length and supply area of capillaries in the foetal heart, analysing left and right ventricles separately.
Materials and methods

Animal model of IUGR
Animal handling and all procedures were performed in accordance with the regulations and guidelines and with the approval of the Animal Experimental Ethics Committee of the University of Barcelona. New Zealand white rabbits were provided by a certified breeder, housed for 1 week before surgery in separate cages on a reversed 12/12 h light cycle and fed standard rabbit chow and water ad libitum. Pregnant rabbits were used to reproduce a previously described model of IUGR (Eixarch et al. 2009 (Eixarch et al. , 2011 . Briefly, at 25 days of gestation, tocolysis (progesterone 0.9 mg/kg, intramuscularly) and antibiotic prophylaxis (Penicillin G 300.000 UI, intravenously) were administered before surgery. Ketamine (35 mg/kg) and xylazine (5 mg/ kg) were given intramuscularly for anaesthesia induction. Bupivacaine was administered as topical analgesia. After a midline laparotomy, both uterine horns were exteriorized. Randomly, one horn was assigned as the IUGR horn and the other horn was considered as the normal growth control. A selective ligature of 40-50% of the uteroplacental vessels was performed in all gestational sacs from the IUGR horn. No procedure was performed in the other horn. The abdomen was closed afterwards and animals received buprenorphine (0.4 mg/kg/24 h, subcutaneously) for 48 h, as postoperative analgesia. At 30 days of gestation, echocardiography was performed under the same anaesthetic procedure as described above (for details see below). Then, a caesarean section was performed. All living rabbit foetuses were obtained, identified and weighted. Foetuses were anaesthetized with an intramuscular injection of ketamine (35 mg/kg) and xylazine (5 mg/kg) and their chest cavity was exposed. Heparin (500 IU) and saturated potassium chloride were administered through the abdominal aorta to arrest hearts in diastole. Hearts were fixed by perfusion with 4% paraformaldehyde in phosphate buffer and stored at 4 °C for 48 h.
Foetal echocardiography
Echocardiography was performed in 10 control and 10 IUGR rabbit foetuses 5 days after the induction of IUGR using a Vivid q (General Electric Healthcare, Horten, Norway) ultrasound equipment and 1.4-2.5 MHz phased array probe. After a midline laparotomy and exteriorization of both uterine horns, the ultrasound probe was placed directly on the uterine wall. The angle of insonation was kept <30º in all measurements and a 70 Hz high pass filter was used to avoid slow flow noise. Ultrasound evaluation included foetal hemodynamics and left/right ventricular morphometry and function: (1) ductus venosus pulsatility index obtained in a midsagittal section or transverse section of the foetal abdomen positioning the Doppler gate at its isthmic portion; (2) aortic isthmus flow obtained in a sagittal view of the foetal thorax with a clear view of the aortic arch placing the sample volume between the origin of the last vessel of aortic arch and the aortic joint of the ductus arteriosus; (3) left and right ventricular sphericity indices calculated as base-to-apex length/basal ventricular diameter measured from 2-dimensional images in an apical 4-chamber view at end-diastole; (4) septal wall thickness measured by M-mode in a transverse 4-chamber view; (5) left ejection fraction cardiac output calculated as π/4 × (aortic valve diameter) 2 × (aortic velocity time integral) × (heart rate) and normalized by body weight; (6) longitudinal axis motion and annular peak velocities at the septal mitral and lateral tricuspid annulus measured by M-mode and spectral tissue Doppler from an apical 4-chamber view; and (7) left and right ventricular strain, strain-rate and the presence of post-systolic shortening evaluated offline using GE Echo Pac PS SW 108.1.x (General Electric Health care, Norway) from 2D images as previously described .
Design-based stereology
Control and IUGR hearts (n = 7 each) from foetal rabbits were used for stereological analysis. Right and left (including septum) ventricles were separated, carefully weighed and cut in accordance with the systematic uniform random sampling procedure (Mühlfeld et al. 2010 ).
The weights of the left and right ventricles were used to calculate the corresponding volumes by dividing the weight by the density of muscle tissue (Mendez and Keys 1960) .
The number of cardiomyocyte nuclei was estimated with the physical disector (Sterio 1984) . Two 1-µm-thick sections of epoxy resin embedded tissue blocks with a disector height of 3 µm were stained with toluidine blue and analysed at an objective lens magnification level of 20× (Mühlfeld et al. 2010; Schipke et al. 2015) . To estimate the mean number of nuclei per cardiomyocyte, a modified version of the method described by Bruel and Nyengaard was used (Bruel and Nyengaard 2005; Schipke et al. 2014 ). The total number of cardiac myocytes was estimated by dividing the total number of cardiac myocyte nuclei by the mean number of nuclei per cardiac myocyte. The total volume of cardiac myocytes was estimated using the point counting method (Weibel 1979 ) on toluidine blue-stained, 1-µm-thin epoxy resin sections. The mean volume of cardiac myocytes was calculated by dividing their total volume by their total number.
The number of capillaries was evaluated using a physical disector with a height of 1 µm in combination with the estimation of the connectivity of the vascular network and the capillary length based on the counting of capillary profiles per unit area as previously described (Mühlfeld 2014) . The supply area (mean tissue area surrounding one capillary profile) was calculated as the reciprocal of the capillary length density (Mühlfeld 2014) . We were able to assess the number and length of capillaries in 5 control and 5 IUGR hearts, in which the blood vessels were well perfused and open and thus could be clearly identified.
Statistics
Biometric, echocardiographic and stereological data of control and IUGR animals were compared using Chi square or two-sided Mann-Whitney U test. Differences were considered significant with probability values of p < 0.05. The statistical analysis was performed using SPSS 18.0 and GraphPad Prism 4.0.
Results
Foetal biometry
IUGR foetuses had lower body weight, heart weight and right and left ventricular weights as compared to controls (Table 1) . The heart to body weight ratio was similar among the groups.
Foetal echocardiography
IUGR foetuses showed signs of foetal hemodynamic adaptation with an increased pulsatility index in the ductus venosus and higher prevalence of reversed flow in the aortic isthmus as compared to controls ( Table 2 ). The foetal heart rate was similar in the two study groups. In IUGR hearts, both ventricles had a more globular shape (decreased sphericity index) with similar myocardial wall thickness compared to controls. Despite preserved cardiac output and longitudinal displacement, annular systolic and diastolic peak velocities were significantly reduced in both IUGR ventricles. While strain and strain-rate values were similar among the groups, post-systolic shortening was observed in 50% of the IUGR foetuses but never in the control group.
Cardiomyocyte number and volume
Stereological quantification revealed significantly reduced cardiomyocyte and interstitial volumes in both ventricles in response to IUGR (Fig. 1a) . Cardiomyocyte volumes in comparison to controls were reduced to 67% in the LV and 71% in the RV, while interstitial volumes were diminished to 54% in the LV and 56% in the RV. In IUGR animals, both left and right ventricles were composed of a significantly decreased number of cardiomyocytes as compared to control hearts ( Fig. 1b ; reduction to 47% of control in LV and 63% of control in the RV). When cardiomyocyte numbers were related to body (Fig. 1c (Fig. 1d) were similar between the groups. IUGR foetuses showed a significant increase in left ventricular (147% of control), but not right ventricular cardiomyocyte mean volumes (128% of control; Fig. 1e ). 
Capillaries
The number of capillaries was significantly decreased in the LV of IUGR hearts compared to controls (41% of control), whereas there was no significant difference between the study groups when RVs were analysed (73% of control, Figs. 2a, b, 3) . Similarly, capillary length was significantly reduced in the LV (65% of control) but not in the RV (81% of control) in response to IUGR (Fig. 2c, d ). The capillary supply area did not differ between the groups (Fig. 2e, f) .
Discussion
This study demonstrates a reduction of cardiomyocyte numbers in left and right ventricles, which was only in the LV accompanied by cardiomyocyte hypertrophy as well as diminished capillary numbers and length in a rabbit model of IUGR induced by diminished utero-placental supply. These structural findings were associated with signs of foetal systolic and diastolic dysfunction similar to those described in humans.
In the present study, IUGR offspring had lower body and heart weights and foetal IUGR hearts were composed of a reduced number of cardiomyocytes in both left and right ventricles as compared to controls. When cardiomyocyte numbers were related to body or heart weight, the ratios did not differ between the groups indicating that body and heart growth were mutually dependent. The mean number of nuclei per cardiomyocyte was comparable among the groups demonstrating a similar maturational status of the cardiomyocytes. Interstitial volumes were reduced to approximately half of the control volumes in both ventricles (LV 54%, RV 56%), whereas cardiomyocyte volumes were more severely altered in the LV (reduction to 67%) in comparison to the RV (reduction to 71%). This discrepancy was also reflected by a greater reduction in cardiomyocyte numbers in the LV (reduction to 47%) than in the RV (reduction to 63%) indicating that the foetal rabbit LV is more severely affected by placental restriction.
The observed reduction of cardiomyocyte number is consistent with previous studies showing a decreased global number of cardiomyocytes at birth in a rat model of IUGR based on maternal low protein diet (Corstius et al. 2005) and a decreased number of cardiomyocytes in the right ventricle in a sheep model of IUGR based on placental restriction (Botting et al. 2014) . It was previously reported for other pathological situations that a reduction in cardiomyocyte number is presumably compensated by cardiomyocyte hypertrophy to maintain cardiac contractile force generation (Porrello et al. 2008; Thornburg et al. 2011 ). In line with this, we observed significantly increased cardiomyocyte mean volumes in the LV (147% of control) indicating hypertrophic cell remodelling. In contrast, although the mean of IUGR RV cardiomyocyte mean volumes was slightly increased (127% of control), no statistical significance was reached. It was somehow unexpected, that the RV although ejecting 55-70% of the combined ventricular output in the foetal circulation does not show clear signs of hypertrophy. However, keeping in mind that during development cardiac cells of the left and right ventricle originate from different embryological origins and that cardiomyocyte differentiation in the relevant heart fields is differently regulated (Buckingham et al. 2005; Olson 2006) , and that the pressure loading induced by the increased placental resistance (associated with placental dysfunction/underdevelopment) might reflect differently on the LV compared to the RV, it is consistent that also responses to in utero alterations might be different. In other animal models of IUGR, data addressing cardiomyocyte size and maturational state in IUGR foetuses are controversial. In the foetal rat heart, proportion and size of binucleated cardiomyocytes are increased upon maternal hypoxia (Bae et al. 2003 ) whereas maternal protein restriction does not induce a difference in binucleation when hearts were examined at birth (Corstius et al. 2005) . Left ventricular cardiomyocytes of adult rats, which experienced placental insufficiency by uterine vessel ligation during gestation, had reduced cross-sectional areas (Master et al. 2014) . In foetal sheep, placental restriction induces reduction of binucleated cardiomyocytes in the right ventricle (Botting et al. 2014) , less binucleated cardiomyocytes in the left ventricle but not in the right ventricle together with control-like cardiomyocyte areas (Bubb et al. 2007 ) as well as diminished binucleated cardiomyocytes in both ventricles together with increased (Morrison et al. 2007) or unchanged (Louey et al. 2007 ) cardiomyocyte areas. These inconsistencies are probably due to species differences, timing (early or late in pregnancy) and type of the experimental IUGR model (placental, oxygen or nutrient restriction-each leading to different haemodynamic changes), but also to the different methodological approaches used to assess morphological changes (isolated cells or tissue sections, stereology or not).
In human foetuses suffering from IUGR, the underlying pathophysiology of cardiac remodelling is complex. In developed countries, the main cause of IUGR is placental insufficiency that leads not only to foetal chronic hypoxia and undernutrition but also to foetal hemodynamic changes including pressure and volume overload of the foetal heart (that has to pump against a more resistant and stiffer placenta). Echocardiographic changes reported in human IUGR foetuses include reduced longitudinal motion and impaired relaxation secondary to cardiac hypoxia predominantly affecting longitudinal fibres (Comas et al. 2010) together with more spherical hearts that can better tolerate pressure overload, and the presence of post-systolic shortening which is a typical sign of pressure overload ). The experimental model used in the present study is based on the reduction of utero-placental vasculature that has previously demonstrated to reproduce biometric and haemodynamic changes of human IUGR (Eixarch et al. 2009 (Eixarch et al. , 2011 . We are also showing here that this model can reproduce most of the echocardiographic findings reported in humans such as increased ductus venosus pulsatility, more spherical ventricles, reduced longitudinal motion and presence of post-systolic shortening. Therefore, this may be considered as a suitable model to study human foetal cardiovascular adaptations in IUGR.
This study also demonstrates reduced length and numbers of cardiac capillaries in left but not in right IUGR ventricles. This could be due to the observed more severe growth reduction of the LV in comparison to the RV (see above), but also to other reasons like differential angiogenesis in the ventricles (e.g. branching or non-branching). It was shown before that different pregnancy complications can have diverse effects on the foetal capillary morphology (Mayhew et al. 2004a, b) . The calculated supply area per capillary profile is altered in neither of the groups indicating that the reduction in microvascularization is consistent with the overall growth defect induced by IUGR. To our knowledge this study is the first which directly compares left and right ventricular alterations in microvascularization upon IUGR. Our findings are consistent with a previous report suggesting a decrease in capillary density in the LV of adult rats which underwent maternal hypoxia during gestation (Hauton and Ousley 2009) . Similarly, Wang et al. also showed a decrease in capillary density in the left ventricle of a lamb model of IUGR (Wang et al. 2015) . Regarding the RV, it was shown for foetal sheep that placental restriction results in no difference in the total length of capillaries (Botting et al. 2014) , again in line with our results. Lim et al. used a maternal protein restriction model to induce IUGR in rats and showed no changes in capillary length and surface in adult IUGR whole hearts (Lim et al. 2006) . The coronary vascular tree in the immature heart is very plastic and has the ability to remodel to meet oxygen demands (Thornburg and Reller 1999) , however, this remodelling might be detrimental in adulthood and might be a risk factor predisposing for adult coronary disease. Interestingly, studies in humans suggest coronary tree dilation in severe cases of IUGR in order to compensate for foetal hypoxia (Baschat et al. 1997; Baschat and Gembruch 2002) . Preliminary data from the same animal model used here suggest that IUGR foetal hearts also present a dilation of the coronary vascular tree (not shown). Bubb et al. showed functional changes on the coronary vasculature in IUGR foetal hearts, with enhanced compliance and contractile responses, attributing them to a level of immaturity of IUGR foetal hearts (Bubb et al. 2007) . Changes in coronary vasculature are due to hemodynamic changes caused by IUGR and the "heart sparing effect". This effect occurs when placental function and oxygen supply to the foetus are compromised, as a result blood flow is shifted to vital organs such as the heart, increasing coronary blood flow and producing a dilation of coronary arteries (Chaoui 2004) . Dilatation of the coronary artery tree additionally change the volume occupied by vessels compared to myocytes and interstitial space, thus contributing to less overall myocyte volume in the tissue. However, it seems that this coronary dilation is not followed by changes in the same direction in the microvasculature. Abnormalities in microvasculature have not been extensively studied in cardiac disease. For instance Chen et al. reproduced an animal model of congestive heart failure and showed pathologic changes in the coronary branches that were in line with changes in the capillaries (Chen et al. 2015 ). An increase in coronary flow accompanied by a decrease in capillary density was observed in pressure overload (Breisch et al. 1980) . Our results mostly show that the decrease in capillary density is in line with the heart size and the number of cardiomyocytes decrease in IUGR; however more studies are required to confirm that capillary density does not parallel coronary changes and how it relates to myocyte numbers and sizes.
This study has some strengths and limitations that merit comment. Regarding the strengths, the experimental model used in this study to induce IUGR reproduces most of the cardiac functional and structural changes reported in humans; therefore it seems a suitable model to study cardiovascular remodelling in IUGR. Design-based stereology is the gold standard for quantification of morphological and anatomical features using microscopy and provides precise and unbiased results (Mühlfeld et al. 2010 ). In contrast to other studies mostly analysing left ventricles or whole hearts, we have assessed left and right ventricles separately to differentiate impacts of IUGR at the ventricular level. The foetal hearts were perfusion-fixed, which opens capillaries to enable its visualization. We acknowledge that the main limitation of this study is the lack of long-term follow up of these animals, which is really challenging due to the high perinatal and postnatal mortality of these model (Eixarch et al. 2011 ) limiting survival to only the milder cases of IUGR (which strongly limits the direct comparison of foetal -severe-versus postnatal -mild-data).
In conclusion, IUGR leads to a reduction of cardiomyocyte number which is solely in the LV accompanied by significant cardiomyocyte hypertrophy and diminished capillary length and numbers. Understanding the impact that IUGR has on the number of cardiomyocytes and capillaries during cardiogenesis is critical, since the prenatal heart grows by hyperplasia, before cardiomyocytes become terminally differentiated after birth and then grow by hypertrophy. The described changes suggest that IUGR subjects might have an added risk factor in adulthood, being more vulnerable to suffer cardiovascular disease when exposed to adverse common situations in postnatal life such as hypertension. Therefore, future studies are warranted to assess the potential long-term persistence of these structural changes and to evaluate the association of foetal cardiac dysfunction and increased risk of cardiovascular disease in IUGR.
